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ABSTRACT

Preparations for Ohio State University participation in the
NASA ATS-E millimeter wave experiment are described. Two
terminals are under construction and will be used for space

diversity experiments.

The results of a study to determine some of the effects of
the atmosphere on earth/space communications links are presented.
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INTRODUCTION

The use of microwaves for commercial communications purposes
has increased greatly in the last decade. So much so that serious
crowding is being experienced at commonly used centimeter wave-
lengths, The exploitation of the relatively little used millimeter
wavelengths to relieve some of this crowding has been proposed.
Unfortunately the atmosphere is lossy and somewhat dispersive at
these wavelengths particularly during severe weather. The present
Grant was, in part, directed toward an investigation of these atmos-
pheric effects in light of the forthcoming ATS-E millimeter wave
propagation experiment,

During the latter portion of this reporting period work was
started on the preliminary design and partial construction of two 15, 3
GHz receiving stations for use in the ATS-E experiment, These termi-
nals will be used for propagation studies and will also test the effective-
ness of space diversity during severe weather conditions.

THEORETICAL STUDIES

In order to better understand the effects of the atmosphere on
communications at 16 GHz the initial work during this Grant period was
confined to accumulating and interrelating relevant material from the
literature. It was found that considerable information exists, A very
good compilation can be found in Reference 1. However the application
of this information is far from simple,

In clear weather it appears that only small variations in atmos-
pheric propagation paths will be noticed at 16 GHz (see Appendix).
Path loss is of the order of a few tenths to one dB and antenna noise
temperature varies from a few degrees to over 100 degrees, both as
a function of humidity and zenith angle.

As the moisture content in the atmosphere increases, in the form
of rain, snow and ice, theoretical approaches to the determination of
propagation path degradation must depend upon statistical models to
represent a nonhomogeneous volume, This nonhomogeneous volume
is, in cross section the antenna collecting aperture, and in length the
distance from the aperture to the edge of the atmosphere. The atmos-
phere surrounding this volume must also be considered because its



scattering effect will redirect signal energy to the aperture that would
normally not have been collected. These volumes are nonhomogeneous
because of the wide variations of rainfall (or ice or snow) rates within
the relatively large distances involved., Particle size variation is also
important,

In order to verify theoretical models to the point where they may
be useful it appears that experimental results must be obtained that
provide a three dimensional picture of the atmosphere, Presently,
it appears that the closest approach to this picture may be obtained
by the simultaneous measurement of radar backscatter, antenna noise
temperature and signal attenuation, all at a single antenna, A syn-
chronous satellite facilitates such measurements and should be useful
in providing additional statistics toward this end,

It is known that storm cells of high intensity, those most likely
to produce high attenuation at millimeter wavelengths, are relatively
small in physical size. Two or more interconnected terminals spaced
at distances that would prevent severe fading at all sites simultaneously
would have certain benefits, The .dynamic range requirements of the
multiple terminal system could be considerably reduced over the single
terminal system., This would mean smaller antennas and lower power .
transmitters could be used. This concept, termed space diversity, can
be evaluated by the use of a synchronous satellite and two ground stations,
Data would be recorded for various separation distances between sites,
This data along with radar PPI photographs of the storm cells, en-
countered, should provide some insight into optimum spacing between
sites, The experiment would also provide information on attendant
problems such as the optimum method for combining the signals from
each terminal, and the level of sophistication required at each terminal,
The results of such an experiment would have considerable influence in
the design of millimeter communications with satellites,

PREPARATION FOR THE EXPERIMENT

Plans for the preparation of two 15, 3 GHz receiving stations have
been completed. The south reflector of the Ohio State University
Satellite Communications Facility four antenna array will be modified
to accept the NASA phase locked receiver RF head and sufficient space
provided in the control building for recording and control equipment,
The antenna is configured for Cassegrainian feed and the existing sub
reflector will be used, It is planned to illuminate less than the full
30 foot diameter of the parabolic reflector. The tolerance of the outer



panels of this surface is not sufficient to realize full gain at 15 GHz.

The second, moveable, terminal is under construction, An
18 X 8 foot flat bed trailer has been purchased and modified with four
four-foot outrigger support points for increased stability., The antenna
mount has been overhauled and new azimuth and elevation drive motors
and synchos added, The mount will be fostered to the trailer, over the
axle, by a 48 inch high tub spacer. The 15 foot parabolic reflector
ordered during this period has been received. It has an F/D ratio
of 0.4 and a surface tolerance of plus or minus 0, 050 inches maximum
in winds up to 30 miles per hour. An 18 inch central cutout will facili-
tate the use of a silo for the Cassegrainian feed planned, The antenna
will be fastened to the antenna mount by a 19 inch spacer,

The feed package for both antennas will contain a phase locked
receiver RF head, a 15 GHz radiometer and a calibrated noise sourse
for calibration checks on both systems, A polarization splitter will
be used to couple the two receivers to the antenna with no appreciable
change in signal-to-noise ratio to either, This device will also decouple
the receivers to some extent but to insure complete decoupling the
radiometer center frequency will be shifted to one side of the 15, 3 GHz
channel,

The feed polarization of the moveable terminal antenna will be
remotely rotatable so that the exact polarity of the incoming signal can
be determined, The feed horn of the fixed site will be adjusted once
this determination has been made,

A beacon package’ is planned that will provide a source for bore-
sighting and antenna patterns for both sites, The beacon will be located
at the top of a 500 feet commercial television tower and can be seen at
all proposed locations of the moveable terminal,

Presently it is planned to provide weather information only from
the fixed terminal, Wind direction, wind velocity, temperature,
relative humidity, and rain fall rate at one or two locations under the
propagation path will be recorded, When the two terminals are close
together this information may be recorded at both sites, Later, with
greater separation between sites it may be'desirable to measure these
parameters at both sites,

In so far as possible the terminals will be operated simultaneously,
initially at a separation of the order of 1000 feet., Subsequent sites for
the moveable terminal of approximately 5 and 15 miles from the fixed
terminal are available, Intermediate sites may be found if required,



It is expected that both terminals will be substantially complete
with the exception of the phase locked receivers by January 1968.
Delivery of the receivers by this date should allow time for the com-
pletion of the terminals by the anticipated May launch date of the
ATS-E satellite,

CONC LUSIONS

The use of millimeter wavelengths, between the water vapor and
oxygen resonance bands, will prove to be a useful addition to the crowded
microwave spectrum below 12 GHz, Statistical data resulting from the
forthcoming ATS-E millimeter wave experiment will produce a high
level of confidence in the suitability of millimeter waves for commercial
use,

The space diversity experiment utilizing the ATS-E satellite
will provide statistical data that should point toward optimization of
millimeter wave earth/space communications links, The use of 2 or
more properly separated, interrelated ground terminals will considerably
reduce the severe fading conditions that can exist at a single terminal
during rain storms,



APPENDIX A

1. Introduction

The purpose of this Appendix is to review the effect of atmospheric
turbulence on the propagation of electromagnetic waves in the microwave
and mm wave region,

A brief theoretical review is given for the magnitude of amplitude
and phase fluctuations as well as their spatial and frequency correlation
properties. Existing experimental data are presented when possible to
support the theory,

This theory is applied to the proposed 16 GHz propagation experi-
ment in order to determine what types of results might be expected, The
results show that in clear weather the fluctuations, both in amplitude and
phase, would be small and well correlated both in frequency and space,
and that the limiting factor for a communication link will be due to
attenuation during rainstorms,

2. Absolute Phase Fluctuations

It is well known that the effect of a turbulent propagation medium,
such as the atmosphere, is to cause the instantaneous phase of a re-
ceived signal to fluctuate about its average value, In the microwave
region the RMS value of these fluctuations can be calculated from a
geometrical optics solution.

Consider a single ray propagating in the medium as shown in
Fig., 1; the ray will not traverse a straight line but will be refracted
about its average path due to the variations in dielectric constant along
the path, As the ray propagates along the non-homogeneous path it
suffers a series of phase delays. Since the increased length of the
path is second order compared to the fluctuations in dielectric constant,
the phase delay d¢ suffered by a ray in traversing between £ and £ +d{
is given by

do = B(2)de

where B (L) = “’m = w‘ poeofe_;

letting [€5 = m, the refractive index and ko = w'uoe o» the free space
propagation constant then

d¢ = kondl .



Let the index of refraction be described as

n=n+4an
21+ An

where ; = mean value of 7
An = fluctuation about the mean

so that dd = kg(l + An)dL, which consists of a constant plus a
fluctuating component of phase, The constant term represents a
time delay due to the finite propagation velocity; the fluctuating com-
ponent is due to variations in the atmosphere's permittivity,

/

RAY " PATH FOR
NON - HOMOGENOUS MEDIUM

Fig. 1. Propagation path in the atmosphere.
The total phase fluctuation along a path of length L is then
L
¢= 20\ Anar
0

Since the mean value of An was defined to be zero (—A—;, = 0) the average
or mean value of ¢ will also be zero, The mean squared value EZ is

2 L L
o = %'—) gg An(ly) Bn(l,) 42, df,
0 O

In order to evaluate the integral an expression is required for the
spatial correlation coefficient of refractive index Cyy which is defined

to be

An(L,) An(l,)

Aan,

Can =
where the overbar denotes ensemble average,

6



For isotropic turbulence the correlation coefficient is a function onl
of the magnitude of the distance between two points, i, e,, an=chn(r£1'izl)-

Many models have been investigated for Cyn and the corresponding
RMS phase fluctuations calculated, 2 Among these are the following:

TABLE I
Model c .
- x| —
‘ s
Exponential e © JETI'.MOLAN 10
2 N
- x| J
| 22 v’ [1,L AN 107"
Gaussian e © -
1 Y4 R — 6
Cauchy —— ' JI,L AN - 10
Ix|*
1 +——— A
e
o
where

£, = characteristic scale of turbulence

AN

T

standard N unit representation N = (n-1) - 10°
£, - £,

It is interesting to note that the RMS value of phase fluctuations for the
three correlation models are within a factor of two of each other; this
indicated that $2 is relatively insensitive to the form of the correlation
function and depends primarily on the value of the turbulence scale, £.
The linear relationship between phase and frequency predicted by
the geometrical optics solution is experimentally verified quite well by
Fig. 2, which shows a simultaneous measurement of phase made over
almost a 100:1 range of frequencies, The theoretical predictions based
.on the exponential correlation model for average meteorological con-
ditions is also shown for comparison,
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A. Relative phase shift between two points

Frequently when studying large antenna apertures or arrays of
antennas it is more desirable to consider the relative or differential
phase shift between two points in the receiver plane. The geometry
of this situation is shown in Fig. 3.

RECEIVER |

\

é
L

=y

!
! — !
/ ’,’ '
/”’ '
<7 I 4 s ch-
O< =T EEXT
~~ [
TRANSMITTER L, T~ I
¢\J
2 —— RECEIVER 2

Fig. 3. Differential phase geometry,

The mean differential phase fluctuations between the two re-
ceivers is given by

4’_d=¢2-¢1

Again—i):l = 0 since zﬁ = 0 so only the mean squared or root
mean squared values are of importance,

(1) 9% = (b - 01) = by - 2010, + &

- —
where for equal path lengths and isotropic turbulence ¢f = ¢y = 62,
The cross product term in Eq., (1) can be rewritten in terms of a
‘spatial correlation function p;, such that

d1dz = pr2d?

so that b3 = 2¢° (1-p1y)



or  $4(RMS) :JE PRMS ,,1 - Piaz

As the two receivers become coincident (p;; = 1) the differential phase
'shift in zero, When the two receivers are widely seperated d - ®
pi1z — O the differential phase approaches it's maximum value’Z b2,

For the particular frequency of interest, 16 GHz, the absolute
phase fluctuations along the propagation path and maximum possible
differential phase fluctuations between receivers are calculated as
a function of path length (see Fig. 4); again the calculation is based
on average troposphere conditions, The general relationship between
phase fluctuations and separation distance is controlled as the factor

’ 1-p1z and is experimentally verified by the X band measurements3
of Fig, 5,

B. The spatial phase correlation coefficient

The mathematical expression for the spatial phase correlation
has been derived * for the two geometrical situations shown in Fig, 6.
The common end point model is appropriate when the receiver is not
a large distance from the transmitter. The parallel ray model applies
to the case where the receiver is extremely far from the transmitter
for example, a satellite-Earth link, The results are summarized in
Table IL '

TABLE II
Atmospheric Model piz - Common End Point pi12 - Parallel Rays
for Cyn
. ™ d d (d ) ( d ) d d (d_)
T e Y2V [ = )-k, = K
Exponential Z[Ko(fo) L—l(lo) o\, -1\ 2, ° 1, 1o i,
dZ
1 T
) d
Gaussian -—Z"- e Erf (—0-) . Lo

Caveny [ +(.;;)’]”/ z I +(;;)‘]"/ Z

where K denotes Bessel function
L denotes Struve function
Erf denotes error function,

The spatial phase correlation coefficient for each of the models
is nearly the same. For illustration Fig. 7 shows p;; for the common

10
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Fig. 6. Geometry of spatial phase correlation.
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Fig. 7. Phase correlation coefficient.
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end point, exponential refractive indek model; for experimental veri-
fication p;; is also computed for X band measurements by Deam and
Fannin, 3

III. AMPLITUDE FLUCTUATIONS

There are two types of amplitude variations to be considered, a
randomly fluctuating component present even under normal atmospheric
conditions, and a component due to changes in the meteorological status

such as rain, snow, fog, etc,

A, Normal Atmospheric Condition

It is well known that the non homogeneities of the propagation
medium cause scattering of the incident field, which in turn produces
a fluctuation in the amplitude at the receiver plane.

Several models have been proposed to relate these amplitude
fluctuations to phase fluctuations., One model assumes the received
field to be composed of a direct component plus a phase-quadrature,
normally distributed component, On the basis of this model the
following relationship is derived.’ ‘

2
0'¢ % ZIO'a

variance of phase fluctuations

g
o
o
H
(¢]
q
S
1

square root of variance of amplitude fluctuations
divided by the mean amplitude.

Another model assumes the received field to be the vector sum
of a constant component plus a small Rayleigh scattered component
arriving from off axis non homogeneities in the propagation medium,
For this model the corresponding relationship is given by®

2 o 2
Cp VOp .
- Measurements obtained by Herbstreit and Thompson’ generally
fall between those predicted by the two models,

The results of some experimental data on amplitude scintillations
~are tabulated in Table III, It-can be seen that the component of random
amplitude fluctuation during normal tropo conditions is in general quite
small,

14
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These amplitude scintillations are superposed upon the attenuation
losses in the path due to oxygen and water vapor absorption. The per-
centage of O, in the atmosphere remains almost constant as a function
of time but the H,O vapor content may have a seasonal variational of
20:1;8 hence the attenuation loss is not a constant, but if the pressure,
temperature, and H;O content are known the attenuation per unit length
can be computed using the formulas derived by Van Vleck,?

Representative values of measured absorption losses due to O,
and H,O for the frequency range 10 - 200 GHz are shown in Fig. 8,10
Figure 9 summarizes the attenuation through the entire atmosphere
as a function of elevation angle, 1

B. Abnormal Atmospheric Condition

In addition to the rapid fluctuations (a few cps) in amplitude and
the slowly varying change in attenuation due to H,O vapor, abnormal
conditions such as rain, snow, and fog may considerably change the
amplitude of the received signal,

Figure 10 shows the attenuation due to rainfall for several rates.'?
It can be seen that additional losses in the order of 10 dB/Km are
possible in the mm region,

Considerable research has been done by Bell Telephone Labora-
tories on obtaining the statistical data for both the temporal and
spatial distribution of rainfall using one hundred electronic rainfall
gauges over an area of 130 square kilometers. Initial measurements
indicate that heavy rainfall rates occur over a relatively small area at
any given time so that spatial diversity techniques could be used to
considerably increase communication reliability during severe rain-
storms,

IV. FREQUENCY CROSS CORRELATION

A, Amplitude and Phase Considerations

Bandwidth limitations by the propagation medium for line of site
paths is a problem of considerable current interest. Indeed wide band-
width with its corresponding high data rate potential is one‘of the most
important factors which make the microwave-mm region appealing,

16
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Fig. 10, Attenuation for various rain rates,

To understand the physical mechanism of this problem consider
Fig., 11, If the medium were uniform and non turbulent only the direct
line-of-site component would be received at the point of observation,
If, however, turbulence exists and small scattering inhomogeneities
are present then a small amount of energy will be refracted by the off
axis scattering bodies into the receiver, The total received voltage v,
can be expressed as a sum of the direct line-of-site component v, plus
the scattered component vg as shown in Fig. 12. For convenience the
resultant scattered field may be resolved into two quadrature components
‘which are in phase (Vsy) and orthogonal (v ) to the direct component. 14

The total received-voltage has a mean value given by

_ > -
Ve —JVSX + (vg +VSY)
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Fig. 11. Off axis scattering.
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Fig. 12. Vector sum of components at frequency f and f'.
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b

where the overbar again denotes knsemble average; vy fluctuates about
its mean value by Av,, i.e,

Ve TV, + Avr

or

(2) Av, = jvzx +(vg + Vs-y)z -jvgx +(vg + Vs.y)z

Similarly the phase fluctuations are given by

(3) Ad = arctan (__Yf.’i__.___)
\&] + Vsy

In order to determine the scintillation coherence properties
between adjacent frequencies f and f = f + 8f it is again convenient to

introduce an amplitude and phase frequency cross correlation coefficient
given by

Av.,. Av'
C,.(9) Avr rAv' for amplitude
TRMS *RMS
and
Ad AP
C¢(6) = -———i—-qi-—-T for phase
APRMS PR Ms

For the case where the fluctuation in amplitude and phase are
small compared to their mean value, these correlation functions can
be expanded using Eqs., (2) and (3). Keeping only quadratic terms
yields

s s
Co(8) = —=L =
VZ v 2
sy 'Sy

21



It is now only necessary to obtain the expressions for the
fluctuating components vgy and Vys which can be derived from a
perturbation solution of the wave equation using the Born approxi-
mation (single scattering).

For the Gaussian model of atmosphere refractive index cor-
relation the following expressions have been derived,

- EZ %2 Ac? Ly (1+45) [-M(—1——> . M(_.l.....)}

Y 4)\2 bmy cTy
» /2 T3
vxv;{= Egw Ae” LLo(1+8) [—M(l )—M( 1 )}
4)\2 bn] <M
where
M(x) = x sin x Ci(x) + x cos x Si(x)
@
Ci(x) = S‘ L8 U du
u
X
@ 2
Si(x) = - S 2124 du
u
x
L
m =
274
5
b = —
148
_ 2+8
C= 1%

22



B. Results and Experiments

For convenience the numerical solution for the amplitude and phase
frequency cross correlation coefficient is shown in Fig, 13, It can be
seen that in general both amplitude and phase fluctuations are well
correlated over extremely wide frequency bands, Amplitude cor-
relation of 0.4 to 0.9 over a 1.5 to 1 frequency spread has been
reported by Burrows and Little.'® Phase correlation of 0.7 to 0.9

over a 10 to 1 frequency spread (f = 1 GHz, {' = 10 GHz) has been
reported by Deam and Fannin, 3

23
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